The interplay between band topology and magnetic order could generate a variety of time-reversalbreaking gapped topological phases with exotic topological quantization phenomena, such as quantum anomalous Hall (QAH) insulators and axion insulators (AxI). Here by combining analytic models and first-principles calculations, we predict QAH and AxI phases can be realized in thin film of an intrinsic antiferromagnetic van der Waal material Mn2Bi2Te5. The phase transition between QAH and AxI is tuned by the layer magnetization, which would provide a promising platform for chiral superconducting phases. We further present a simple and unified continuum model that captures the magnetic topological features, is generic for Mn2Bi2Te5 and MnBi2Te4 family materials. arXiv:2001.06133v1 [cond-mat.mes-hall] 
The discovery of time-reversal-invariant topological insulator brings the opportunity to realize a large family of exotic topological quantization phenomena [1] [2] [3] [4] . The interplay between band topology and magnetism could give rise to a variety of exotic time-reversal-breaking gapped topological states, including the quantum anomalous Hall (QAH) effect with dissipationless chiral edge states [5] [6] [7] [8] , axion insulator (AxI) displaying topological magnetoelectric effects [8] [9] [10] [11] [12] [13] [14] , and chiral superconducting state with Majorana fermions (if in proximity to superconductors) [15] [16] [17] . Interestingly, the QAH effect may find applications in low-power-consumption electronics and non-Abelian braiding of Majorana fermions is useful in topological computation [18] [19] [20] . Despite of these predicted important physical effects, until now only a few of them have been experimentally proved, due to a limited number of magnetic topological insulator (TI) materials. A prime example is the QAH effect experimentally observed in magnetically doped (Bi,Sb) 2 Te 3 film [21] [22] [23] [24] . However, the random magnetic dopants limit the quality and exchange gap [25] of the material, which further constrain the quantization of AHE appearing only at very low temperatures. In proximity with an s-wave superconductor, such a strongly disordered QAH system at coercivity by the random magnetic domains complicates the transport experiments in millimeter-size sample [26] [27] [28] [29] [30] [31] . Therefore, finding stoichiometric TI with an innate magnetic order are highly desired, which would provide a homogenous platform for high temperature QAH effect and coherent chiral Majorana fermions.
The first intrinsic magnetic TI MnBi 2 Te 4 (MBT) discovered recently is an interesting candidate for observing these topological phenomena [32] [33] [34] [35] [36] [37] [38] . For instance, the zero-field QAH effect has been observed at an elevated temperature [36] . Given the importance of magnetic TIs as a platform for new states of quantum matter, it is important to search for new material systems that are stoichiometric crystals with well-defined electronic structures, preferably with simple surface states, and describ-able by simple theoretical models. In this work, by combining analytic models and first-principles calculations, we predict layer magnetization tuned AxI and QAH in new magnetic TI family Mn 2 Bi 2 Te 5 (M 2 BT) films. Its bulk hosts a dynamical axion field, which was first proposed in Ref. [39] focusing on the interplay of bulk antiferromagnetic (AFM) fluctuations and axion electrodynamics. Here we will focus on the various topological states in its thin film form with different static magnetic ordering. M 2 BT is a layered ternary tetradymite compound that consists of ABC stacking Te1-Bi1-Te2-Mn1-Te3-Mn1 -Te2 -Bi1 -Te1 nonuple layers (NL), which has been successfully synthesized in experiments recently [40] . It has a hexagonal crystal structure shown in Fig. 1 (a) with space group P3m1 (No. 164), which can be viewed as layered TI Bi 2 Te 3 with each of its Te-Bi-Te-Bi-Te quintuple layer intercalated by two additional Mn-Te bilayers. The trigonal axis (threefold rotation symmetry C 3z ) is defined as the z axis, a binary axis (twofold rotation symmetry C 2x ) is defined as the x axis and a bisectrix axis (in the reflection plane) is defined as the y axis for the coordinate system. The system has inversion symmetry P with Te3 site as an inversion center if the spin moments of Mn are ignored.
As far as the magnetic order is concerned, it appears that the Mn spins couple ferromagnetically in each layer, but the adjacent Mn layers couple anti-parallel to each other. The ferromagnetic (FM) order in each Mn layer can be understood from the Goodenough-Kanamori 90 • rule, while the AFM coupling between adjacent Mn layers is from the interlayer superexchange similar to MBT. The local magnetic moments are roughly 4.59µ B independent of the film thickness. Table I lists the thickness dependence of magnetism, and the magnetic anisotropic energy (MAE) for 2 to 7 NL as well as bulk are positive and insensitive to layer thickness, indicating the Néel-type AFM order along z axis is likely the ground state. The non-collinear and other possible collinear magnetic con- figurations are found to have higher energies [41] . Therefore for the AFM state in both bulk and film, the time reversal (T ) and P are broken, but PT is conserved. This is in sharp contrast to AFM MBT, where its even layer film breaks T and P; while its bulk conserves P and T τ 1/2 , in which τ 1/2 is the half-translation operator along z axis. Thus, a Z 2 invariant is well defined for bulk MBT as a AFM TI with quantized axion response (θ = π defined module 2π as in Lagrangian L θ = (θ/2π)(e 2 /h)E · B [8]), while bulk M 2 BT is an AxI without any Z 2 invariant but only a nonquantized θ.
Then we turn to the electronic and topological properties of the material. To have an intuitive understanding of the underline physics, we start with the bulk electronic structure. The detailed methods can be found in the Supplemental Material [42] . For the AFM ground state, the band structures without and with spin-orbit coupling (SOC) are shown in Figs. 1(c) and 1(d), respectively. Mn d-bands are far away from the band gap due to a large spin splitting (> 5 eV), and only Bi/Te p z -bands are close to the Fermi level with an anticrossing feature around the Γ point from the band inversion, suggesting the nontrivial topology in bulk M 2 BT. To characterize the low-energy physics, an effective model is constructed [39] . As shown in Fig. 1(e) , the low-lying states at Γ are the |P 1 + z of two Bi layers and |P 2 − z of two Te layers (Te1 and Te1 ), the superscripts "+", "−" stand for parity. The SOC further leads to band inversion. The symmetries of AFM system are the three-fold rotation symmetry C 3z and PT . In the basis of (
, the representation of the symmetry operations is given by C 3z = exp[i(π/3)σ z ⊗ 1] and PT = iσ y K ⊗ τ z (T = iσ y K ⊗ 1, P = 1 ⊗ τ z ), where K is complex conjugation operator, σ x,y,z and τ x,y,z denote the Pauli matrices in the spin and orbital space, respectively. The generic form of the AFM Hamiltonian obeying these symmetries is
Here M 0 < 0 and M 1,2 > 0 correctly characterizes the band inversion at Γ [42] . Without M 5 (k) and A 3 terms, Eq. (1) is nothing but the textbook TI model in Bi 2 Te 3 family with a single surface Dirac cone [43] . M 5 (k) and A 3 are T , P-breaking perturbations induced by the z-direction Néel order on Mn. The direct consequence of M 5 (k) term is to open a gap in the surface-state spectrum with the sign independent of the surface orientation, which is equivalent to induce a hedgehodge magnetization on the TI surface. This is confirmed by the (110) and (001) surface spectra by firstprinciples calculations in Fig. 1(f) , which are different from the gapless Dirac state on T τ 1/2 -preserving surface in MBT. Also, they are different from the x axis AFM state in M 2 BT, which has gapless surface state on the surfaces parallel to Néel order with surface Dirac cone shifted away from Γ [42] . The hedgehodge-like surface gap of AFM-z M 2 BT make it an ideal platform for topological magnetoelectric effect.
The AFM ground state of M 2 BT could be tuned into the FM state by a magnetic field. From above we see low energy physics in AFM M 2 BT is described by a TI model and T , P-breaking perturbations. For a z-axis FM order, a T -breaking but P-conversing perturbation should be added, and the resulting possible phase is either Weyl semimetal, 3D QAH or trivial magnetic insulator [13, 44] . The band structure of z-axis FM M 2 BT bulk in Fig. 2 displays a pair of band crossings at Weyl points (W and W) along theĀ-Γ-A line. The Wilson loop calculations suggest the Chern number C = 1 at k z = 0 plane and C = 0 at k z = π plane [42] , which is consist with the minimal ideal Weyl semimetal in Fig. 2(c) . Figs. 2(d )-(f) shows surface-state on different typical surfaces, where Fermi arcs on (110) termination are clearly seen in Fig. 2(e) . Explicitly, the additional T -breaking but P-conversing terms describing the z-axis FM state is
where M z j (k) = D j 0 + D j 1 k 2 z + D j 2 (k 2 x + k 2 y ) with j = 1, 2. This model is similar to FM MBT but with different parameters [42] . Now we understand that the magnetic TI M 2 BT is well described by a Bi 2 Te 3 -type TI model with corresponding T -breaking perturbations introduced by Mn. The band inversion in 3D suggests the nontrivial topology may also exist in 2D, which we characterize in below. AFM M 2 BT films have PT symmetry which leads to C = 0. They are AxI with θ nonquantized from P, T breaking and finite-size effect. We calculate the energy level versus the film thickness of AFM Hamiltonian (1) . Due to quantum confinement, the bulk bands become 2D subbands. As shown in Fig. 3(a) , the gap converges when the film exceeds 5 NL, which is consistent with the first-principles calculations listed in Table I . The first pair of subbands |S1 and |S2 are localized on the two surfaces of the thin film [42, 45] , with a decay length of about 2 NL. For FM films, T and PT -breaking but P-conversing leads to spin polarized bands, allowing C = 0. As calculated in Table I , C = 0 for 1 NL and C = 1 for 2-7 NL. The spin polarized energy level versus the film thickness in the FM state is calculated in Fig. 3(b) , and C is determined by the number of polarized band inversion [46] . Fig. 3(b) suggests 3 NL has the maximum gap in C = 1 QAH and is consistent with first-principles calculations.
Intriguingly, here as the interlayer exchange coupling is quite weak, the Mn layers may be driven into different magnetic configurations, which further modify the band topology. Take 2 NL for example, we calculate the band structure, relative total energy and C for five different magnetic configurations named AFM, FM, interstate I, II, III shown in Fig. 4 . Clearly, FM, I and II are QAH with C = 1. AFM and III have C = 0, lead to zero Hall conductance. As we show below, the AFM state is AxI but III is trivial insulator.
To describe the layer magnetization tuned QAH state in M 2 BT film, we start with the low energy physics which is well described by the massive Dirac surface states only, where the intrinsic magnetic ordering introduces different Zeeman terms on these two surfaces. The generic effective Hamiltonian for thin film is of Mn along z axis, where g a,f = (g t ∓ g b )/2 are the staggered and uniform Zeeman field, respectively. Both ↑ and ↓ FM Mn layers will contribute to the Zeeman field. In the mean field approximation,
where j labels the Mn layer index, s z j is the z-component of Mn local spin in layer j, λ ij is the effective exchange parameter between local moments in layer j and the top (i = t) or bottom (i = b) surface states, respectively. All λ ij have the same sign and we set λ ij > 0. sgn(s z j ) comes from the magnetization direction of each Mn layer.
The Hamiltonian (3) describes both QAH and AxI states characterized by C. The band dispersion is given by
. C only changes at the gap closing point determined by m 2 0 + g 2 a = |g f |. When m 2 0 + g 2 a < |g f |, the system is QAH with C = g f /|g f |; while when m 2 0 + g 2 a > |g f |, the system has C = 0. AFM and III are topologically equivalent but have quite different origins. In AFM, with opposite magnetic exchange coupling on two surfaces, g f = 0 and g a is finite, it is AxI with a nonquantized but finite θ response [47] . While in III, g a = 0 and the hybridization gap exceeds the finite FM exchange gap g f , thus it is a trivial insulator with θ = 0.
With the gap and C in these magnetic states, λ ij can be determined. For 2 NL, we approximate λ 1 ≡ λ t1 = λ b4 , λ 2 ≡ λ t2 = λ b3 , λ 3 ≡ λ t3 = λ b2 , and λ 4 ≡ λ t4 = λ b1 . This yields λ 1 = 19.0 meV, λ 2 = 2.3 meV, λ 3 = 18.4 meV, λ 4 = 1.8 meV and m 0 = 3.3 meV. Consistent with 2 NL decay length of surface states, λ ij almost vanishes when i = t and j ≥ 5 as determined from the magnetic states in 3 NL [42] .
Finally, we discuss the field-induced magnetic transitions. The evolution of magnetic transition under external field can be described by a magnetic bilayer Stoner-Wohlfarth model with an interlayer exchange coupling J 1,2 and an effective anisotropy K. From Fig. 4 , within each NL the interlayer AFM coupling is J 1 = 0.8 meV, and J 2 = 0.35 meV between adjacent NL. The uniaxial anisotropy K ≈ 0.1 meV in Table I . With the field applied parallel to the magnetic easy z axis, since K J 1,2 , the AFM ground state undergoes a spin-flop transition to a canted state where the sublattice magnetization is roughly perpendicular to z axis. Further increasing the field brings the canted magnetizations to FM state by coherent rotation. Take 2 NL as an example, the zaxis magnetic field will drive AFM to a canted state at field H sf 1 , then to II, and finally to FM. For II, it is energetically favorable than I. A rough estimation yields H sf 1 ≈ 1.6 T. The coherent rotation of layer magnetization and the corresponding QAH plateau transition (with C = 0 → 1) at small fields provides a promising platform for chiral Majorana fermion.
The intrinsic van der Waals magnetic material M 2 BT hosts rich topological quantum states in different spatial dimensions, which is well described by a Bi 2 Te 3 -type TI model with certain T -breaking perturbations. We expect superlattice-like new magnetic TI such as M 2 BT/MBT and M 2 BT/Bi 2 Te 3 with tunable exchange interactions and topological properties may be fabricated. This will further enrich the magnetic TI family and provide a new material platform for exotic topological phenomena.
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